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USING GLOBAL AND LOCAL
CATASTROPHES ACROSS
SUB-POPULATIONS IN PARALLEL
EVOLUTIONARY COMPUTING

RELATED APPLICATIONS

This application is a continuation application that claims
the benefit under 35 U.S.C. §120 of U.S. patent application
Ser. No. 13/343,558 filed Jan. 4, 2012.

BACKGROUND

Embodiments of the inventive subject matter generally
relate to the field of evolutionary computing, and, more par-
ticularly, to using local and global catastrophes in evolution-
ary computing.

Software tools employ metaheuristic optimization algo-
rithms to solve optimization problems. Examples of metaheu-
ristic optimization algorithms include evolutionary algo-
rithms (e.g., genetic algorithm, differential evolution), ant
colony optimization algorithms, simulated annealing algo-
rithms, etc.

Evolutionary algorithms use techniques loosely based on
Darwinian evolution and biological mechanisms to evolve
solutions to design problems. A software tool that implements
an evolutionary algorithm starts with a randomly generated
population of solutions, and iteratively uses sexual recombi-
nation, crossover, mutation, and the Darwinian principles of
natural selection to create new, more fit solutions in succes-
sive generations. Evolutionary algorithms have been
deployed in many aspects of research and development, and
have generated human-competitive solutions to a wide range
of'problems. Within International Business Machines Corpo-
ration (IBM), (SNAP) has been successfully applied to I/O
circuit design for Power7/7+, scan-chain routing, the high
performance computing (HPC) bidding process, signal integ-
rity for z-series buses, and compiler flag tuning.

An executing instance of an evolutionary algorithm can
prematurely converge. A population of candidate solutions
converges when the genes of a few fit candidate solutions
quickly dominate the population, and constrain the popula-
tion to a local optimum. Premature convergence means that
the population of candidate solutions for an optimization
problem has converged too early, thus delivering a suboptimal
result.

SUMMARY

Embodiments of the inventive subject matter include a
method for local catastrophes in a parallel genetic algorithm
computing process. The method tracks forward progress of a
first sub-population across generations thereof. The first sub-
population is one of a plurality of sub-populations that form a
population of candidate solutions to an optimization problem.
At a current generation of the first sub-population, it is deter-
mined that forward progress of the first sub-population fails a
set of one or more forward progress criteria. In response to
determining that the forward progress of the first sub-popu-
lation fails the set of one or more forward progress criteria at
the current generation, a local catastrophe is invoked on the
current generation of the first sub-population. The first sub-
population is re-populated after the local catastrophe is
invoked. The first sub-population is re-established after re-
populating while constraining migration to the first sub-popu-
lation.
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2
BRIEF DESCRIPTION OF THE DRAWINGS

The present embodiments may be better understood, and
numerous objects, features, and advantages made apparent to
those skilled in the art by referencing the accompanying
drawings.

FIG. 1 depicts an example conceptual diagram of a local
catastrophe within a single sub-population and a global catas-
trophe across the population at a later generation.

FIG. 2 depicts a flowchart of example operations for invok-
ing a local catastrophe when local forward progress criteria
are not satisfied.

FIG. 3 depicts a flowchart of example operations for invok-
ing a global catastrophe when global forward progress crite-
ria are not satisfied.

FIGS. 4-6 depict flowcharts of example operations for
invoking a local catastrophe when average fitness and best
fitness of a deme fail local forward progress criteria. FIG. §
depicts a flowchart of example operations that continue from
FIG. 4. FIG. 6 depicts a flowchart of example operations that
continue from FIG. 5.

FIGS. 7-9 depict flowcharts of example operations for
invoking a global catastrophe when average fitness and best
fitness of a population do not progress. FIG. 7 depicts a
flowchart of example operations for invoking a global catas-
trophe when average fitness and best fitness of a population
do not progress. FIG. 8 depicts a flowchart of example opera-
tions that continue from block 721 of FIG. 7. FIG. 9 depicts a
flowchart of example operations that continue from FIG. 7.

FIG. 10 depicts an example computer system with a global/
local catastrophe unit.

DESCRIPTION OF EMBODIMENT(S)

The description that follows includes exemplary systems,
methods, techniques, instruction sequences and computer
program products that embody techniques of the present
inventive subject matter. However, it is understood that the
described embodiments may be practiced without these spe-
cific details. For instance, although examples refer to
machines, embodiments of the inventive subject matter can
be implemented in a virtualization environment. For
example, sub-populations can be assigned to different virtual
machines that can be supported by a single machine. As
another example, sub-populations can be assigned to differ-
ent cores in a multi-core environment. In other instances,
well-known instruction instances, protocols, structures and
techniques have not been shown in detail in order not to
obfuscate the description.

Literature about evolutionary computing uses a large vari-
ety of terminology. In some cases, terms are used ambigu-
ously. Genetic algorithm literature sometimes uses the terms
“population” and “generation” ambiguously. A software tool
or computer program that implements an evolutionary algo-
rithm to solve an optimization problem iteratively creates
candidate solutions, computes fitness values for the candidate
solutions, and evaluates the candidate solutions to determine
whether a next iteration should begin. The candidate solu-
tions created at a particular iteration are referred to as a
generation of candidate solutions or generation, a population
of'candidate solutions, or a population of candidates solutions
of a generation. A population of candidate solutions can also
be separated into demes or sub-populations. When separated
into sub-populations, the term “generation” typically refers to
all of the sub-populations in that generation. The specification
will sometimes use the term “sub-population generation” to
refer to a generation of one of the sub-populations. The term
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“population” also refers to the aggregate of candidate solu-
tions across generations. Similarly, the term “sub-popula-
tion” refers to the aggregate of candidate solutions managed
by a deme manager across generations. The specification will
also use the term “iteration.” Iteration is used to refer to a
stage in the computing process, instead of generation. The
term “process” is often used to refer to an instantiation of a
sequence of machine-readable program instructions. The
term “evolutionary computing process” refers to the aggre-
gate work performed by computing resource units or nodes
for a run of a tool or program that implements an evolutionary
algorithm. The term “evolutionary computing process” is not
limited to a single instance of executing instructions. The
term “node” or “computing node” is used herein to refer to a
computing resource unit. Examples of a node include a com-
puter, a mobile device, a virtual machine, a core in a multi-
core environment, a processor in a multi-processor environ-
ment, a group of computers in a cluster, a group of computers
in a grid, etc.

A software tool that implements an evolutionary algorithm
across multiple nodes (e.g., multiple cores, multiple
machines, etc.) can comprise a population manager and a
sub-population manager when an evolutionary algorithm is
applied to a population of candidate solutions that is sepa-
rated into sub-populations of candidates solutions. The popu-
lation manager assigns the sub-populations to different
nodes, on which sub-population managers run. A sub-popu-
lation manager performs biological operations to propagate
the corresponding sub-population, and computes the fitness
metric values of the sub-population. The sub-population
managers communicate the fitness metric values for their
sub-populations to the population manager. The population
manager evaluates the fitness metric values to determine
whether a generation of the population satisfies a set of one or
more termination criteria. The sub-population managers also
implement migration of candidate solutions between sub-
populations in accordance with migration parameters com-
municated by the population manager and/or as directed by
the population manager.

The population manager and sub-population managers
implement local and global catastrophe procedures or mecha-
nisms to avoid premature convergence, or to restore diversity
responsive to detected or suspected premature convergence.
A sub-population manager may detect or anticipate prema-
ture convergence within a sub-population of candidate solu-
tions. One or more criteria can be configured to represent a
condition corresponding to premature convergence or antici-
pated premature convergence. This description refers to the
one or more criteria as forward progress criteria. The forward
progress criteria can be different between sub-populations,
and can be different for the population than the sub-popula-
tions. If a sub-population fails to satisfy local forward
progress criteria, then the sub-population manager applies or
invokes a local catastrophe procedure on the sub-population.
With the exception of one or more survivor candidate solu-
tions, if any, the sub-population manager restores the sub-
population with migration and/or mutation. While the sub-
population recovers from the catastrophe, the other sub-
populations continue through successive generations,
assuming they do not also fail to make forward progress. The
population manager can also determine that the aggregate of
the sub-populations (i.e., the population of candidate solu-
tions) fails forward progress criteria for the population (“glo-
bal forward progress criteria”). If the population fails the
global forward progress criteria, then the population manager
commands the sub-population managers to invoke a global
catastrophe procedure across the sub-populations.
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FIG. 1 depicts an example conceptual diagram of a local
catastrophe within a single sub-population and a global catas-
trophe across the population at a later generation. FIG. 1
depicts an evolutionary algorithm population manager 101,
deme manager 103, deme manager 105, and deme manager
107. The managers are program running on nodes. The deme
managers 103, 105, 107 may operate at different rates, thus
their corresponding sub-populations can evolve asynchro-
nously. In that case, the population manager 101 tracks
progress of the deme managers 103, 105, 107. FIG. 1 depicts
the deme managers 103, 105, 107 generating several genera-
tions of sub-populations.

The deme manager 103 generates an initial sub-population
109. The deme manager 103 generates several other genera-
tions of the sub-population until the sub-population is estab-
lished with a sub-population generation 117. Likewise, the
deme managers 105,107 establish their sub-populations. The
deme manager 105 generates an initial sub-population 111,
and the deme manager 107 generates an initial sub-popula-
tion 113. The deme managers 105, 107 generate several other
generations of their sub-populations until the sub-popula-
tions are established with sub-population 119 and sub-popu-
lation 121, respectively.

At generation N, the deme manager 103 and the deme
manager 107 respectively generate a sub-population 123 and
a sub-population 127. The deme manager 105 generates a
sub-population 125. At a stage A, the deme manager 105
determines that the sub-population 125 (or deme) of genera-
tion N fails the local forward progress criteria. The deme
manager 105 applies a catastrophe procedure to the sub-
population 125 of generation N. The deme manager 105
selects a survivor(s) to carry into generation N+1.

At a stage B, the deme manager 105 generates a sub-
population 131 of generation N+1 via migration. Copies of
candidate solutions migrate from the neighboring sub-popu-
lations to re-populate after the catastrophe. Some embodi-
ments can use mutation in addition or instead of migration to
restore the sub-population. Some embodiments generate ran-
dom candidate solutions to recover from a catastrophe. The
deme manager 103 generates a sub-population 129 of gen-
eration N+1 and the deme manager 107 generates a sub-
population 133 of generation N+1. FIG. 1 depicts migration
from the sub-populations 129, 133, but migration can be from
earlier generations, or even later generations of neighbors.

At a stage C, the deme manager 105 constrains migration
for X generations of deme recovery. The deme manager 105
uses biological operations to iteratively generate sub-popula-
tions while constraining migration until arriving at generation
N+1+X, and generating a sub-population 137. The deme
manager can constrain migration to different degrees. The
deme manager 105 can prevent migration until after genera-
tion N+1+X, can allow limited migration until generation
N+1+X, and can change the degree of migration allowed as
recovery progresses. The deme manger 105 can base recovery
progress on generation and/or fitness metric values. The deme
managers 103, 107 continue evolving their sub-populations
of candidate solutions as long as they continue to satisfy their
local forward progress criteria. In generation N+1+X, the
deme manager 103 generates a sub-population 135 and the
deme manager 107 generates a sub-population 139.

In generation N+2+X, the deme manager 103 generates a
sub-population 141 and the deme manager 107 generates a
sub-population 145. The deme manager 105 has recovered
from the local catastrophe, and generates a sub-population
143 of the generation N+2+X.

At a stage D, the population manager 101 determines that
the population of candidate solutions fails global forward
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progress criteria in generation N+2+X. In response to the
failure, the population manager 101 commands the deme
managers 103, 105, 107 to apply a global catastrophe. The
deme managers 103, 105, 107 respectively apply global
catastrophe procedures to the sub-populations 141, 143, 145.
The deme managers 103, 105, 107 select a survivor(s), if any,
from their respective sub-populations 141, 143, 145. The
deme managers 103, 105, 107 use mutation operations to
recover from the global catastrophe.

FIG. 2 depicts a flowchart of example operations for invok-
ing a local catastrophe when local forward progress criteria
are not satisfied. Initially, a deme manager will iteratively
generate multiple generations of candidate solutions to estab-
lish a stable or sufficiently fit sub-population. Embodiments
can establish the sub-population differently. An embodiment
can compute and record fitness metric values of each genera-
tion of the sub-population, or wait to begin recording and/or
communicating computed fitness metric values for X genera-
tions based on an assumption that the sub-population will not
be stable or sufficiently fit for X generations. The example
operations depicted at blocks 201, 203, and 205 in FIG. 2
presume an embodiment that does not compute fitness of the
early sub-population generations.

Atblock 201, a deme manager generates a sub-population
of candidate solutions to an optimization problem. The deme
manager can generate this generation 0 sub-population of
candidate solutions with randomly generated candidate solu-
tions, seed candidate solutions, a combination of seed candi-
date solutions and randomly generated candidate solutions.
In addition, a population manager can provide an initial sub-
population generation, or even multiple early sub-population
generations, to the deme manager.

At block 203, the deme manager performs biological
operations to generate a next generation of the sub-popula-
tion.

At block 207, a loop of operations begins for each candi-
date solution in the current sub-population generation. An
initial candidate solution is selected from the sub-population.
The loop in FIG. 2 includes the operations depicted in block
209.

Atblock 209, the deme manager computes a fitness metric
value for the candidate solution. The deme manager stores the
computed fitness metric value with an indication of the can-
didate solution and the generation.

At block 211, the deme manager determines whether
another candidate solution remains to be processed (i.e., loop
termination check is performed). If there is an additional
candidate solution to be processed, then control flows back to
block 207 for selection of the next candidate solution. Other-
wise, control flows to block 212.

At block 212, the deme manager determines whether the
current sub-population generation exceeds a establish thresh-
old. A threshold number of generations for establishing a
sub-population can be configured. For instance, the deme
manager determines whether 7 generations have been cre-
ated, if the threshold has been configured as 7. In some
embodiments, the establish threshold corresponds to fitness
of'the sub-population. For instance, the deme manager deter-
mines whether an average fitness of the sub-population and/or
a best fitness metric value of the sub-population exceeds a
fitness based establish threshold. In some embodiments, mul-
tiple establish threshold criteria can be employed (e.g., a
fitness based establish threshold unless a generation reaches a
generation based establish threshold ceiling). If the sub-
population is not established, then control returns to block
203. Ifthe sub-population is established, then control flows to
block 213.
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At block 213, the deme manager determines whether the
sub-population generation satisfies local forward progress
criteria. The deme manager determines whether the fitness
metric values of the sub-population generation indicate
progress or stagnation. Different techniques for determining
forward progress will be discussed in more detail with respect
to FIGS. 4-6. Ifthe sub-population generation does not satisfy
the forward progress criteria, then control flows to block 215.
If the sub-population generation is progressing forward, then
control flows to block 223.

Atblock 223, the deme manager communicates the fitness
metric values of the sub-population generation to the popu-
lation manager. The deme manager may write to a network
location accessible by the population manager and/or trans-
mit message that encode the fitness metric values to the popu-
lation manager. The deme manager also indicates the genera-
tion and the sub-population for the fitness metric values.
Control flows from block 223 back to block 203. In some
embodiments, the deme manager waits for an indication to
proceed from the population manager before creating the next
generation.

If the sub-population generation failed to satisfy the local
forward progress criteria at block 213, then the deme manager
invokes a local catastrophe on the current sub-population
generation at block 215. The deme manager invokes a func-
tion or procedure that eliminates at least a majority of the
sub-population. The local catastrophe procedure may select
one or more survivor candidate solutions, and then eliminate
all other candidate solutions. The local catastrophe procedure
may not select any survivors. A survivor quantity parameter
that specifies number of survivor candidate solutions can be
configured. An embodiment can define the survivor quantity
for the duration of a run, and change across multiple runs
depending on results of prior runs. An embodiment can adapt
the survivor parameter based on various other factors that can
include number of preceding local catastrophes and/or global
catastrophes, generation (e.g., a number of survivors is
greater if forward progress fails at a later generation), fitness
of'the sub-population relative to other sub-populations, etc. A
local catastrophe procedure may default to selecting the most
fit candidate solutions to survive a local catastrophe. But a
deme manager can also employ another parameter(s) to influ-
ence selection of the one or more survivors (“survivor char-
acteristic parameter”). The survivor characteristic parameter
can indicate that a most fit and least fit candidate solutions are
to be selected for diversity.

At block 217, the deme manager notifies the population
manager of the local catastrophe.

At block 219, the deme manager re-populates with migra-
tion. The deme manager copies candidate solutions from
neighboring demes to re-populate with any survivors. An
embodiment can configure a recovery process to select
migrant candidate solutions based on various recovery
parameters. In some embodiments, the recovery process
selects the most fit candidate solutions for migration. In some
embodiments, a mixture of most fit, least fit, and moderately
fit candidate solutions can be selected from neighboring sub-
populations. A recovery process can also randomly select
migrant candidate solutions. Embodiments are not necessar-
ily limited to selecting migrants from a same generation. If
demes progress asynchronously, the recovery process can
select from candidate solutions of a neighboring deme that is
in a later generation, or perhaps earlier generation. In addi-
tion, embodiments are not limited to migration for recovery.
Embodiments can re-populate with survivors and mutations
of survivors, can mutate candidate solutions not selected to
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survive, can mutate migrant candidate solutions, and can
employ any combination of these techniques to recover from
a local catastrophe.

At block 221, the deme manager performs post-catastro-
phe biological operations to generate a next generation of the
sub-population for a given number of recovery generations.
While the deme manager recovers from the local catastrophe,
migration is constrained. Embodiments can constrain migra-
tion differently. An embodiment can allow migration from the
recovering sub-population, but not into the recovering sub-
population. An embodiment can prevent migration into the
recovering sub-population for the entire recovery period, or
can gradually relieve constraints on migration as the recovery
nears conclusion. An embodiment may allow the initial
migration and a subsequent migration of candidate solutions,
depending on whether the migrant candidate solutions will
dominate the recovering sub-population. Once the recovery is
complete, control flows back to block 203.

FIG. 3 depicts a flowchart of example operations for invok-
ing a global catastrophe when global forward progress crite-
ria are not satisfied. The example operations depicted in FIG.
3 presume a population of candidate solutions are separated
into sub-populations and distributed across multiple comput-
ing entities. With distributed sub-populations, a population
manager tracks progress of the population (i.e., all of the
sub-populations).

Atblock 301, a population manager initiates an evolution-
ary algorithm process for a population across multiple com-
puting entities managing different sub-populations of the
population. At some point after initiating the process, the
population manager receives a sub-population communica-
tion 302 from a deme manager.

At block 303, the population manager determines whether
the sub-population communication 302 is reporting fitness
metric values for a sub-population. If the communication 302
is not reporting fitness metric values, then control flows to
block 305 for processing the communication 302 as a notifi-
cation that the deme manager has invoked a local catastrophe.
If the communication 302 is reporting fitness metric values,
then control flows to block 307.

Atblock 305, the population manager records an indication
that the sub-population corresponding to the communication
302 is recovering from a local catastrophe. Now that the
population manager is aware of the local catastrophe, the
population manager can operate accordingly. For instance,
the population manager may postpone a global catastrophe.
The population manager may mark a log of fitness metric
values to reflect the local catastrophe. The population man-
ager may postpone notifying deme managers of termination
until the recovering sub-population can be evaluated. Control
flow from block 305 to block 313.

At block 313, the population manager listens for commu-
nications from sub-populations (i.e., deme managers).

If the communication 302 was reporting fitness metric
values, then the population manager evaluates the fitness
metric values against termination criteria at block 307. If the
fitness metric values satisfy the termination criteria, then
control flows to block 309. If the fitness metric values do not
satisfy the termination criteria, then control flows to block
311.

At block 309, the population manager notifies the sub-
population managers to terminate.

Atblock 311, the population manager determines whether
the population is complete for the generation of the sub-
population corresponding to the communication 302. In other
words, the population manager determines whether all other
sub-populations in generation N (assuming the communica-

10

15

20

25

30

35

40

45

50

55

60

65

8

tion 302 indicates generation N) have reported their fitness
metric values. If the population for the generation indicated in
the communication 302 is complete, then control flows to
block 315. Otherwise, control flows to block 313.

At block 315, the population manager determines whether
global forward progress criteria are satisfied by the popula-
tion. If the global forward progress criteria are not satisfied,
then control flows to block 317. If global forward progress
criteria are satisfied by the population, then control flows to
block 313.

At block 317, the population manager notifies the sub-
population managers or deme managers to invoke a global
catastrophe. Embodiments can carry out the global catastro-
phe differently. In some embodiments, all of the deme man-
agers invoke their local catastrophe procedures. In some
embodiments, the local catastrophe procedure and the global
catastrophe procedure are different procedures. For instance,
a global catastrophe may not allow survivors, while the local
catastrophe selects survivors. In addition, the deme managers
recover from a global catastrophe with mutation instead of
migration. Furthermore, the deme managers may invoke
incongruous parts of a global catastrophe. For instance, the
population manager may direct a particular deme manager to
select a survivor while directing all other deme managers to
mutate all candidate solutions. FIGS. 7-9 provide example
operations that direct a global catastrophe with different
parameters.

Atblock 319, the population manager records an indication
that a global catastrophe was invoked. Control flows from
block 319 to block 313.

FIGS. 4-6 depict flowcharts of example operations for
invoking a local catastrophe when average fitness and best
fitness of a deme fail local forward progress criteria. The
sub-population establishment operations in FI1G. 4 are similar
to those of FIG. 2. The example operations depicted at blocks
401, 403, and 405 in FIG. 4 presume an embodiment that does
not compute fitness of the early sub-population generations.
FIG. 4 refers to several variables that are used to track
progress of a sub-population. These progress variables
include AVG, BEST, NEWBEST, BESTFWD, AVGFWD,
SUBPOPNUM, AVGBEST, CATASTROPHE, and
RECOVER. The forward progress criteria include variables
AVGTHRESHOLD and BESTTHRESHOLD. The variable
AVG represents an average of the fitness metric values for a
current sub-population generation. The variable NEWBEST
represents a best fitness metric value of a current sub-popu-
lation generation. The variable BEST represents a best fitness
metric value across the sub-population generations. The vari-
able AVGBEST represents the best of the averages of fitness
metric values across sub-population generations. The vari-
able BESTFWD represents a counter of sub-population gen-
erations that failed to provide a better most fit candidate
solution than preceding sub-population generations. The
variable AVGFWD represents a counter of sub-population
generations that failed to provide an improved average of
fitness metric values than preceding sub-population genera-
tions. The variable SUBPOPNUM represents a number of
candidate solutions in the sub-population. The variable
CATASTROPHE represents a counter of local catastrophes.
The variable RECOVER is a counter used to count genera-
tions created after a local catastrophe. The variable AVGTH-
RESHOLD represents a threshold number of sub-population
generations that fail to improve the average. The variable
BESTTHRESHOLD represents a threshold number of sub-
population generations that fail to improve the best fitness
metric value. The forward progress criteria variables can be
static or dynamic. For example, embodiments can adjust



US 9,165,248 B2

9

these thresholds to accommodate runs that result in infre-
quent, but large improvements across sub-population genera-
tions.

Atblock 401, a deme manager generates a sub-population
of candidate solutions to an optimization problem and initial-
izes the progress variables. The deme manager can generate
this generation 0 sub-population of candidate solutions with
randomly generated candidate solutions, seed candidate solu-
tions, a combination of seed candidate solutions and ran-
domly generated candidate solutions. In addition, a popula-
tion manager can provide an initial sub-population
generation, or even multiple early sub-population genera-
tions, to the deme manager.

At block 403, the deme manager performs biological
operations to generate a next generation of the sub-popula-
tion.

At block 407, a loop of operations begins for each candi-
date solution in the current sub-population generation. An
initial candidate solution is selected from the sub-population.
The loop in FIG. 4 includes the operations depicted in block
409, 411, 413, 415, and a loop termination test block 417.

Atblock 409, the deme manager computes a fitness metric
value for the candidate solution. The deme manager stores the
computed fitness metric value with an indication of the can-
didate solution and the generation.

At block 411, the deme manager adds the fitness metric
value to AVG.

At block 413, the deme manager determines whether the
fitness metric value is greater than NEWBEST. If the fitness
metric value is greater than NEWBEST, then control flows to
block 415. Otherwise, control flows to block 417.

At block 415, the deme manager sets NEWBEST to the
fitness metric value.

Atblock 417, the deme manager determines whether there
is an additional candidate solution in the current sub-popula-
tion generation to process. If so, then control flows back to
block 407 for selection of the next candidate solution. If not,
then control flows to block 418.

At block 418, the deme manager determines whether the
current sub-population generation exceeds a establish thresh-
old. A threshold number of generations for establishing a
sub-population can be configured. For instance, the deme
manager determines whether 7 generations have been cre-
ated, if the threshold has been configured as 7. In some
embodiments, the establish threshold corresponds to fitness
of'the sub-population. For instance, the deme manager deter-
mines whether an average fitness of the sub-population and/or
a best fitness metric value of the sub-population exceeds a
fitness based establish threshold. In some embodiments, mul-
tiple establish threshold criteria can be employed (e.g., a
fitness based establish threshold unless a generation reaches a
generation based establish threshold ceiling). If the sub-
population is not established, then control returns to block
403. Ifthe sub-population is established, then control flows to
block 419.

At block 419, the deme manager determines whether
NEWBEST is greater than BEST. If NEWBEST is greater
than BEST, then control flows to block 421. Otherwise, con-
trol flows to block 423.

Atblock 421, the deme manager sets BEST to NEWBEST
and resets NEWBEST to 0 for the next sub-population gen-
eration.

Atblock 423, the deme manager increments BESTFWD to
reflect the failure of this current sub-population generation to
yield an improvement in the best fitness metric value.

Control flows from both blocks 421 and 423 to block 501 of
FIG. 5.
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FIG. 5 depicts a flowchart of example operations that con-
tinue from FIG. 4. At block 501, the deme manager computes
the quotient of AVG and SUBPOPNUM, and sets AVG to the
quotient.

At block 503, the deme manager determines whether AVG
is greater than AVGBEST. If AVG is greater than AVGBEST,
then control flows to block 507. Otherwise, control flows to
block 505.

At block 505, the deme manager increments AVGFWD to
reflect the failure of the current sub-population generation to
yield an improvement in the average of the fitness metric
values. Control flows from block 505 to block 509.

At block 507, the deme manager sets AVGBEST to AVG,
and resets AVG to 0 for the next sub-population generation.
Control flows from block 507 to block 509.

Atblock 509, the deme manager determines whether AVG-
FWD is greater than the AVGTHRESHOLD and whether
BESTFWD is greater than BESTTHRESHOLD. If both
thresholds are exceeded, then control flows to block 517. If at
least one of the thresholds is not exceeded, then control flows
to block 513. Embodiments are not limited to these thresholds
for determining whether forward progress is made by a sub-
population across generations. In addition, embodiments are
not limited to counting failures across all generations until a
local catastrophe is invoked. Embodiments can measure
progress within intervals. For instance, forward progress is
made if the improvements are made in the average and best in
atleast 3 generations of every 5 generations. In some embodi-
ments, the threshold can adapt to age of the generation and/or
magnitude of improvement. Embodiments can bias forward
progress towards average or best. Embodiment may also track
progress on one of average and best instead of both. A variety
of tuning or configuration is possible for different optimiza-
tion problems and different evolutionary algorithms, as well
as for different computing resources.

Atblock 513, the deme manager communicates the fitness
metric values of the sub-population generation to the popu-
lation manager. The deme manager may write to a network
location accessible/monitored by the population manager
and/or transmit a message(s) that encodes the fitness metric
values to the population manager. The deme manager also
indicates the generation and the sub-population for the fitness
metric values. Control flows from block 513 back to block
515.

At block 515, the deme manager performs biological
operations to generate a next sub-population generation, and
may also implement migration. In some embodiments, the
deme manager waits for an indication to proceed from the
population manager before creating the next generation. Con-
trol flows from block 515 back to block 407 of FIG. 4.

Ifthe deme manager determined that the current sub-popu-
lation generation failed to make forward progress at block
509, then the deme manager selects local catastrophe param-
eter values at block 517. The local catastrophe parameter
values specify various attributes of the local catastrophe. In
some embodiments, the local catastrophe parameter values
comprise pointers to functions that carry out one or more
aspects of a local catastrophe (e.g., survivor selection).
Examples of the various attributes of the local catastrophe
include number of survivors, criteria for a survivor, type of
catastrophe (e.g., eliminating all candidate solutions except
survivors, mutating all candidate solutions except survivors,
etc.), and recovery process. As described earlier, the deme
manager can adapt a local catastrophe to conditions of the
population or sub-population. The deme manager selects the
local catastrophe parameter values based on these conditions
(e.g., magnitude of improvement, number of successive gen-
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erations that fail forward progress, age of the generation,
events in other sub-populations, global catastrophes, etc.).

At block 519, the deme manager invokes a local catastro-
phe on the current sub-population generation in accordance
with the selected local catastrophe parameter values.

Atblock 521, the deme manager increments CATASTRO-
PHE, sets RECOVER to 0, and sets both BESTFWD and
AVGFWD to 0.

At block 523, the deme manager notifies the population
manager of the local catastrophe.

Atblock 525, the deme manager re-populates with migra-
tion. In some embodiments, the deme manager may not re-
populate with migration. For instance, the local catastrophe
may have mutated the current sub-population generation
instead of eliminating the candidate solutions. Control flows
from block 525 to block 601.

FIG. 6 depicts a flowchart of example operations that con-
tinue from FIG. 5. At block 601, the deme manager performs
post-catastrophe biological operations to generate a next gen-
eration of the sub-population while constraining migration.

Atblock 603, the deme manager increments RECOVER to
reflect the completion of a post-catastrophe recovery genera-
tion. The deme manager can also use RECOVER to count
recovery generations after a global catastrophe.

At block 605, the deme manager determines whether
RECOVER is greater than RECOVER_THRESHOLD. The
variable RECOVER_THRESHOLD specifies a number of
generations for a sub-population to recover from a local catas-
trophe. The same or different threshold can be used for a
global catastrophe. The RECOVER_THRESHOLD can be
an approximation of the number of generations to constrain
migration to avoid a migrant candidate solution from domi-
nating the sub-population. If the recovery period has ended,
then control flows to block 607. If the recovery period has not
ended, then control flows back to block 601.

At block 607, the deme manager notifies the population
manager that the sub-population has recovered from the local
catastrophe. Control flows from block 607 to block 407.

FIGS. 7-9 depict flowcharts of example operations for
invoking a global catastrophe when average fitness and best
fitness of a population do not progress. FIG. 7 depicts a
flowchart of example operations for invoking a global catas-
trophe when average fitness and best fitness of a population
do not progress. The example operations depicted in FIG. 7
presume a population of candidate solutions are separated
into sub-populations and distributed across multiple comput-
ing entities, similar to FIG. 3. With distributed sub-popula-
tions, a population manager tracks progress of the population
(i.e., all of the sub-populations). FIG. 7 refers to several
variables that are used to track progress of a population,
similar to the variables used to track progress of a sub-popu-
lation. These progress variables include AVG[ ], GENERA-
TION, BEST_SUBPOP, SUBPOP_AVG, BESTPOP[ ],
BESTFWD, AVGFWD, BESTAVG, and CATASTROPHE.
The forward progress criteria include variables AVGTH-
RESHOLD and BESTTHRESHOLD. The variable
AV(] ] represents an indexed structure (e.g., an array) of
averages of the fitness metric values for each of the genera-
tions. The variable GENERATION identifies a generation,
and is used to index into the indexed structures. The variable
BESTPOP] | represents an indexed structure of best fitness
metric values for each of the generations. The variable
BEST_SUBPOP represents a best fitness metric value of a
most fit candidate solution of a sub-population generation.
The variable SUBPOP_AVG represents an average of the
fitness metric values for a sub-population generation. The
variable BESTAVG represents the best of the averages of
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fitness metric values across the generations. The variable
BESTPOP represents the best fitness metric value across the
generations. The variable BESTFWD represents a counter of
generations that failed to provide a better most fit candidate
solution than preceding generations. The variable AVGFWD
represents a counter of generations that failed to provide an
improved average of fitness metric values than preceding
generations. The variable CATASTROPHE represents a
counter of global catastrophes. The variable AVGTHRESH-
OLD represents a threshold number of generations that fail to
improve the average. The variable BESTTHRESHOLD rep-
resents a threshold number of generations that fail to improve
the best fitness metric value. The forward progress criteria
variables can be static or dynamic. For example, embodi-
ments can adjust these thresholds to accommodate runs that
result in infrequent, but large improvements across genera-
tions.

At block 701, a population manager initiates an evolution-
ary algorithm process for a population across multiple com-
puting entities managing different sub-populations of the
population. The population manager also initializes popula-
tion progress variables. At some point after initiating the
process, the population manager receives a sub-population
communication 702 from a deme manager.

At block 703, the population manager determines whether
the sub-population communication 702 is reporting fitness
metric values for a sub-population. If the communication 702
is not reporting fitness metric values, then control flows to
block 901 of FIG. 9. If the communication 702 reports fitness
metric values, then control flows to block 707.

Atblock 707, the population manager evaluates the fitness
metric values against termination criteria. If the fitness metric
values satisfy the termination criteria, then control flows to
block 709. If the fitness metric values do not satisty the
termination criteria, then control flows to block 711.

At block 709, the population manager notifies the sub-
population managers to terminate.

At block 711, the population manager adds SUBPO-
P_AVG, which is presumed to be encoded in the communi-
cation 702 from the corresponding deme manager, to AVG
[GENERATION].

At block 713, the population manager determines whether
BEST_SUBPOP is greater than BESTPOP[GENERA-
TION]. If the best fitness metric value of the reporting sub-
population is better than other previously reported sub-popu-
lations within the same generation, then control flows to
block 715. Otherwise, control flows to block 717.

At block 715, the population manager sets BESTPOP
[GENERATION] to BEST_SUBPOP. Control flows from
block 715 to block 717.

At block 717, the population manager determines whether
the population is complete for the generation indicated in the
communication 702. In other words, the population manager
determines whether all other sub-populations in generation N
(assuming the communication 702 indicates generation N)
have reported their fitness metric values. If the population for
the generation indicated in the communication 702 is com-
plete, then control flows to block 721. Otherwise, control
flows to block 719.

At block 719, the population manager listens for commu-
nications from sub-populations (i.e., deme managers).

At block 721, the population manager compute a quotient
of AVG[GENERATION] and TOTAL_POPULATION, and
sets AVG[GENERATION] to the quotient. The variable
TOTAL_POPULATION represents a number of candidate
solutions in the population. Control flows from block 721 to
block 801 of FIG. 8.
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FIG. 8 depicts a flowchart of example operations that con-
tinue from block 721 of FIG. 7. At block 801, the population
manager determines whether BESTPOP|GENERATION] is
greater than BESTPOP. If the best fitness metric value for the
generation identified by GENERATION is greater than pre-
vious generations, then control flows to block 803. Other-
wise, control flows to block 805. In embodiments with asyn-
chronous demes, the population manager will utilize one or
more additional variables to accommodate the reporting of
best fitness metrics and best averages from different genera-
tions. For instance, the population manager will avoid over-
writing BESTPOP set from a best metric value in generation
N with a BESTPOP[N-1].

At block 803, the population manager sets BESTPOP to
BESTPOP[GENERATION], and resets BESTFWD to 0.
Resetting BESTFWD to 0 assumes an embodiment that
incurs global catastrophes when improvement or forward
progress does not occur for successive generations. As
described with reference to FIGS. 4-6, embodiments can
condition global catastrophes on different conditions (e.g.,
windows of generations, magnitude of improvements over N
generations, etc.). Control flows to block 807 from block 803.
Some embodiments may maintain congruence between the
local forward progress criteria and the global forward
progress criteria.

At block 805, the population manager increments BEST-
FWD. Control flows from block 805 to block to block 807.

At block 807, the population manager determines whether
AVG[GENERATION] is greater than BESTAVG. If AVG
[GENERATION] is greater than BESTAVG, then control
flows to block 811. Otherwise, control flows to block 809.

At block 809, the population manager increments AVG-
FWD. Control flows from block 809 to block 813.

At block 811, the population manger sets BESTAVG to
AVG[GENERATION] and rests AVGFWD to 0. Control
flows from block 811 to block 813.

At block 813, the population manager determines whether
AVGFWD is greater than the AVGTHRESHOLD and
whether BESTFWD is greater than BESTTHRESHOLD. If
both thresholds are exceeded, then control flows to block 815.
If at least one of the thresholds is not exceeded, then control
flows to block 719 of FIG. 7. Embodiments are not limited to
these thresholds for determining whether forward progress is
made by a sub-population across generations. In addition,
embodiments are not limited to counting failures across all
generations until a global catastrophe is invoked. Embodi-
ments can measure progress within intervals. For instance,
forward progress is made if the improvements are made in the
average and best in at least 3 generations of every 5 genera-
tions. In some embodiments, the threshold can adapt to age of
the generation and/or magnitude of improvement. Embodi-
ments can bias forward progress towards average or best.
Embodiment may also track progress on one of average and
best instead of both, or stack a magnitude of improvement
criteria (e.g., 10% improvement every 3 generations) on top
the other forward progress criteria. A variety of tuning or
configuration is possible for different optimization problems
and different evolutionary algorithms, as well as for different
computing resources.

Atblock 815, the population manager selects global catas-
trophe parameter values. The global catastrophe parameter
values specify various attributes of the global catastrophe. In
some embodiments, the global catastrophe parameter values
comprise pointers to functions that for to be called by the
deme managers. The global catastrophe parameter values can
influence catastrophe attributes similar to those of a local
catastrophe. In addition, the global catastrophe parameter
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values can vary across deme managers. The population man-
ager select global catastrophe parameter values that cause a
deme manager to eliminate all but one candidate solution and
bias migration from a particular sub-population. The global
catastrophe parameter values may designate diftferent degrees
of mutation for the different deme managers. In addition, the
global catastrophe parameter values can indicate a number of
generations for recovery from the global catastrophe.

At block 817, the population manager notifies the deme or
sub-population manager to invoke a global catastrophe in
accordance with the selected global catastrophe parameter
values, which may be different across the sub-population
managers.

At block 819, the population manager records the genera-
tion when the global catastrophe was invoked. The recordings
can be used in subsequent analysis of the evolutionary com-
puting.

At block 821, the population manager increments CATAS-
TROPHE. The population manager may be limited to a cer-
tain number of global catastrophes. In addition, the number of
global catastrophe can influence selection of modification of
global catastrophe parameters. Control flows from block 821
back to block 719 of FIG. 7.

If the communication 702 was not reporting fitness metric
values for a sub-population, then control flowed to block 901
of FIG. 9 from block 703. FIG. 9 depicts a flowchart of
example operations that continue from FIG. 7. At block 901,
the population manager determines whether the communica-
tion 702 indicates that a sub-population has recovered from a
global catastrophe. If not, then control flows to block 905. If
the communication 702 indicates recovery of a sub-popula-
tion from a global catastrophe, then control flows to block
903.

Atblock 903, the population manager marks the sub-popu-
lation as recovered from the global catastrophe and control
returns to block 719.

If the communication 702 did not report fitness metric
values and did not report recovery from a global catastrophe,
then the communication indicates recovery from a local
catastrophe. A population manager may receive other com-
munications (e.g., keep alive messages), but those message
are not described to avoid obfuscating this description. At
block 905, the population manager records an indication that
the sub-population indicated in the communication 702 is
recovering from a local catastrophe. If a deme manager does
not report fitness metric values during recovery from a local
catastrophe, the deme manager may still send messages at
each generation during recovery for the population manager
to track progress of the sub-population. Control flows from
block 905 back to block 719 of FIG. 7.

It should be appreciated that the flowcharts are provided as
examples to aid in understanding the inventive subject matter,
and are not to be used to limit embodiments or the scope of the
claims. In addition to the variations previously described,
embodiments can perform different operations than those
depicted herein, additional operations not depicted herein,
fewer operations than those depicted herein, the depicted
operations in a different order, at least some of the depicted
operations in parallel, etc.

As will be appreciated by one skilled in the art, aspects of
the present inventive subject matter may be embodied as a
system, method or computer program product. Accordingly,
aspects of the present inventive subject matter may take the
form of an entirely hardware embodiment, an entirely soft-
ware embodiment (including firmware, resident software,
micro-code, etc.) or an embodiment combining software and
hardware aspects that may all generally be referred to herein
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as a “circuit,” “module” or “system.” Furthermore, aspects of
the present inventive subject matter may take the form of a
computer program product embodied in one or more com-
puter readable medium(s) having computer readable program
code embodied thereon.

Any combination of one or more computer readable medi-
um(s) may be utilized. The computer readable medium may
be a computer readable signal medium or a computer read-
able storage medium. A computer readable storage medium
may be, for example, but not limited to, an electronic, mag-
netic, optical, electromagnetic, infrared, or semiconductor
system, apparatus, or device, or any suitable combination of
the foregoing. More specific examples (a non-exhaustive list)
of the computer readable storage medium would include the
following: an electrical connection having one or more wires,
a portable computer diskette, a hard disk, a random access
memory (RAM), a read-only memory (ROM), an erasable
programmable read-only memory (EPROM or Flash
memory), an optical fiber, a portable compact disc read-only
memory (CD-ROM), an optical storage device, a magnetic
storage device, or any suitable combination of the foregoing.
In the context of this document, a computer readable storage
medium may be any tangible medium that can contain, or
store a program for use by or in connection with an instruction
execution system, apparatus, or device.

A computer readable signal medium may include a propa-
gated data signal with computer readable program code
embodied therein, for example, in baseband or as part of a
carrier wave. Such a propagated signal may take any of a
variety of forms, including, but not limited to, electro-mag-
netic, optical, or any suitable combination thereof. A com-
puter readable signal medium may be any computer readable
medium that is not a computer readable storage medium and
that can communicate, propagate, or transport a program for
use by or in connection with an instruction execution system,
apparatus, or device.

Program code embodied on a computer readable medium
may be transmitted using any appropriate medium, including
but not limited to wireless, wireline, optical fiber cable, RF,
etc., or any suitable combination of the foregoing.

Computer program code for carrying out operations for
aspects of the present inventive subject matter may be written
in any combination of one or more programming languages,
including an object oriented programming language such as
Java, Smalltalk, C++ or the like and conventional procedural
programming languages, such as the “C” programming lan-
guage or similar programming languages. The program code
may execute entirely on the user’s computer, partly on the
user’s computer, as a stand-alone software package, partly on
the user’s computer and partly on a remote computer or
entirely on the remote computer or server. In the latter sce-
nario, the remote computer may be connected to the user’s
computer through any type of network, including a local area
network (LAN) or a wide area network (WAN), or the con-
nection may be made to an external computer (for example,
through the Internet using an Internet Service Provider).

Aspects of the present inventive subject matter are
described with reference to flowchart illustrations and/or
block diagrams of methods, apparatus (systems) and com-
puter program products according to embodiments of the
inventive subject matter. It will be understood that each block
of'the flowchart illustrations and/or block diagrams, and com-
binations of blocks in the flowchart illustrations and/or block
diagrams, can be implemented by computer program instruc-
tions. These computer program instructions may be provided
to a processor of a general purpose computer, special purpose
computer, or other programmable data processing apparatus
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to produce a machine, such that the instructions, which
execute via the processor of the computer or other program-
mable data processing apparatus, create means for imple-
menting the functions/acts specified in the flowchart and/or
block diagram block or blocks.

These computer program instructions may also be stored in
a computer readable medium that can direct a computer, other
programmable data processing apparatus, or other devices to
function in a particular manner, such that the instructions
stored in the computer readable medium produce an article of
manufacture including instructions which implement the
function/act specified in the flowchart and/or block diagram
block or blocks.

The computer program instructions may also be loaded
onto a computer, other programmable data processing appa-
ratus, or other devices to cause a series of operational steps to
be performed on the computer, other programmable appara-
tus or other devices to produce a computer implemented
process such that the instructions which execute on the com-
puter or other programmable apparatus provide processes for
implementing the functions/acts specified in the flowchart
and/or block diagram block or blocks.

FIG. 10 depicts an example computer system with a global/
local catastrophe unit. A computer system includes a proces-
sor unit 1001 (e.g., a chip with multiple processors, multiple
cores, multiple nodes, and/or a chip implementing multi-
threading, etc.). The computer system includes memory
1007. The memory 1007 may be system memory (e.g., one or
more of cache, SRAM, DRAM, zero capacitor RAM, Twin
Transistor RAM, eDRAM, EDO RAM, DDR RAM,
EEPROM, NRAM, RRAM, SONOS, PRAM, etc.) or any one
or more of the above already described possible realizations
of machine-readable media. The computer system also
includes a bus 1003 (e.g., PCI, ISA, PCI-Express, Hyper-
Transport® bus, InfiniBand® bus, NuBus, etc.), a network
interface 1005 (e.g., an ATM interface, an Ethernet interface,
a Frame Relay interface, SONET interface, wireless inter-
face, etc.), and a storage device(s) 1009 (e.g., optical storage,
magnetic storage, etc.). The example computer system also
comprises a global/local catastrophe unit 1025. The global/
local catastrophe unit 1025 can be associated with a popula-
tion manager or a deme manager. If associated with a popu-
lation manager, the global/local catastrophe unit tracks local
catastrophes across sub-populations, tracks forward progress
of a population, and invokes a global catastrophe when the
population fails to satisfy global forward progress criteria. If
the unit 1025 is associated with a deme manager, then the
global/local catastrophe unit 1025 tracks forward progress of
a sub-population, invokes a local catastrophe when a sub-
population generation fails to satisfy local forward progress
criteria, recover from local catastrophes and global catastro-
phes, and applies a global catastrophe to a corresponding
sub-population. Any one of these functionalities may be par-
tially (or entirely) implemented in hardware and/or on the
processing unit 1001. For example, the functionality may be
implemented with an application specific integrated circuit,
in logic implemented in the processing unit 1001, in a co-
processor on a peripheral device or card, etc. Further, realiza-
tions may include fewer or additional components not illus-
trated in FIG. 10 (e.g., video cards, audio cards, additional
network interfaces, peripheral devices, etc.). The processor
unit 1001, the storage device(s) 1009, and the network inter-
face 1005 are coupled to the bus 1003. Although illustrated as
being coupled to the bus 1003, the memory 1007 may be
coupled to the processor unit 1001.

While the embodiments are described with reference to
various implementations and exploitations, it will be under-
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stood that these embodiments are illustrative and that the
scope of the inventive subject matter is not limited to them. In
general, techniques for using global and local catastrophes as
described herein may be implemented with facilities consis-
tent with any hardware system or hardware systems. Many
variations, modifications, additions, and improvements are
possible.

Plural instances may be provided for components, opera-
tions or structures described herein as a single instance.
Finally, boundaries between various components, operations
and data stores are somewhat arbitrary, and particular opera-
tions are illustrated in the context of specific illustrative con-
figurations. Other allocations of functionality are envisioned
and may fall within the scope of the inventive subject matter.
In general, structures and functionality presented as separate
components in the exemplary configurations may be imple-
mented as a combined structure or component. Similarly,
structures and functionality presented as a single component
may be implemented as separate components. These and
other variations, modifications, additions, and improvements
may fall within the scope of the inventive subject matter.

What is claimed is:

1. A method comprising:

tracking forward progress of a first sub-population across
generations thereof, wherein the first sub-population is
one of a plurality of sub-populations that form a popu-
lation of candidate solutions to an optimization problem
for which a solution is being searched by a parallel
evolutionary computing process;

at a current generation of the first sub-population, deter-
mining that forward progress of the first sub-population
fails a set of one or more forward progress criteria;

in response to determining that the forward progress of the
first sub-population fails the set of one or more forward
progress criteria at the current generation, invoking a
local catastrophe on the current generation of the first
sub-population;

re-populating the first sub-population after the local catas-
trophe is invoked; and

re-establishing the first sub-population after re-populating
while constraining migration to the first sub-population.

2. The method of claim 1, wherein forward progress cor-

responds to improvement in at least one of a best fitness
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metric value of the first sub-population and average of the
fitness metric values for the first sub-population across gen-
erations of the first sub-population.

3. The method of claim 2, wherein said tracking forward
progress of the first sub-population across generations thereof
comprises tracking number of generations of the first sub-
population that fail to improve at least one of the best fitness
metric value and the average of the fitness metric values for
the first sub-population.

4. The method of claim 1, wherein said determining that
forward progress of the first sub-population fails the set of one
or more forward progress criteria at the current generation
comprises determining that an aggregate of the current gen-
eration and a plurality of predecessor generations of the first
sub-population that have failed to make forward progress
exceeds a threshold number of generations for failing to make
forward progress.

5. The method of claim 1, wherein said invoking the local
catastrophe on the current generation of the first sub-popula-
tion comprises selecting a set of one or more survivor candi-
date solutions from the current generation of the first sub-
population and eliminating remaining ones of the candidates
solutions.

6. The method of claim 5 further comprising:

tracking a number of local catastrophes invoked; and

decreasing a number of survivors as the number of local

catastrophes increases.

7. The method of claim 1, wherein said re-populating the
first sub-population after the local catastrophe comprises per-
forming migration of candidate solutions from others of the
plurality of sub-populations.

8. The method of claim 1, wherein said re-establishing the
first sub-population after re-populating while constraining
migration to the first sub-population comprises iteratively
generating successive generations of the first sub-population
with candidate solutions from said re-populating the first
sub-population while one of:

preventing, for at least some of the successive generations

of the first sub-population, migration of candidate solu-
tions into the first sub-population; and

limiting migration of candidate solutions into the first sub-

population.



